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Description 

This invention was made in the course of, or 
under, a contract with NIH. The government has 
rights to the invention pursuant to SBIR Grant No. 
CA37430. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention pertains to the art of 
immobilizing bioactive materials and particularly re- 
lates to an improved microsponge for use in motive 
bioreactor systems. The present invention also re- 
lates to the art of culturing microorganisms and 
cells, hereinafter referred to collectively as organ- 
isms, and particularly relates to the culturing of 
organisms immobilized on and/or in microsponges 
in motive reactor systems as submerged suspen- 
sions. 

Description of the Prior Art 

A large variety of chemical products are pro- 
duced by culturing organisms. For example, fer- 
mentation processes abound for producing antibiot- 
ics and other drugs, alcoholic beverages, cheeses 
and the like. Most fermentation processes, how- 
ever, are carried out commercially using batch 
reaction procedures, even though the value of con- 
tinuous culturing techniques are recognized. 

Recent advances in the areas of genetic en- 
gineering and medicine have ushered in a new era 
in the production of chemical products by culturing 
organisms. For example, hybridized mammalian 
cells or hybridomas have been developed which 
secrete antibodies specific to known antigens, such 
as tetanus toxoid. Bacteria, such as E. coli, have 
been genetically engineered to prod"uce~specific 
proteins, such as insulin. To best utilize this new 
technology, however, techniques superior to the 
batch fermentation processes must be developed 
for continuously culturing such organisms at high 
concentration and under conditions of optimal 
growth so as to maximize the production of such 
products. 

Various arrangements for immobilizing bioac- 
tive materials are known. Solid supports have long 
been used for immobilizing microorganisms in the 
treatment of waste water and related fermentation 
processes. More recently, solid microcarriers have 
been used to obtain high cell densities in the 
culture of attachment-dependent cells. For exam- 
ple, microporous polymeric supports fabricated for 
example from dextran have been used for cultivat- 
ing cells. Such supports can be obtained commer- 
cially from Pharmacia Fine Chemicals under the 



brand name Cytodex®. Such solid bio-supports, 
however, are not suitable for motive reactor sys- 
tems such as vigorously stirred tanks and fluidized 
beds since substantially all of the cells are adher- 
5 ent to the surface of said supports and thus are 
exposed to impact stress and trauma during opera- 
tion. 

Porous inorganic microcarriers also are known 
and such supports potentially provide protection for 

to the cells in motive applications since the cells 
populate the interior of the microcarriers. Unfortu- 
nately, inorganic microcarriers cannot be made 
with the proper combination of permeability and 
specific gravity to function well in all motive ap- 

75 plications. For example, the porous fritted glass or 
cordierite supports described in Messing et al. U.S. 
4,153,510 would typically exhibit specific gravities 
in aqueous suspension of less than about 1.3 if 
their void fractions are greater than about 80% 

20 (Note that void fractions for the Messing supports 
are not disclosed). Quite understandably, these 
supports are not suitable for all motive reactor 
systems where a higher specific gravity generally 
is needed to ensure high relative velocities for 

25 maximum rates of mass and energy transfer. Con- 
sequently, these supports have generally been rel- 
egated for use in packed bed applications. 

Additionally, it is not known how suitable these 
prior art microcarriers are for the cultivation of 

30 attachment-independent organisms such as 
hybridomas. 

An object of the present invention is to provide 
a microsponge containing immobilized bioactive 
materials suitable for use in motive reactor sys- 

35 terns. 

Another object of the present invention is to 
provide a microsponge suitable for immobilizing a 
large variety of organisms characterized by wide 
variations in size and their degree of attachment to 

40 solid supports. 

A further object of the present invention is to 
provide a microsponge suitable for motive reactor 
systems which permits the continued growth and 
reproduction of immobilized organisms. 

45 It also is an object of the present invention to 

provide a microsponge suitable for motive reactor 
systems which is conducive to maximizing the 
metabolic activity of immobilized organisms. 

Yet another object of the present invention is to 

so provide a method for continuously culturing or- 
ganisms at high concentrations. 

Still another object of the present invention is 
to provide a microsponge suitable for motive reac- 
tor systems which permits the culturing of organ- 

55 isms at high concentrations while accommodating 
either maximum growth rate or maximum metabolic 
activity. 
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Another object of the present invention is to 
provide a method for the in vitro culturing of both 
attachment-dependent and attachment-independent 
organisms. 

These and other objects of this invention will 
become apparent from a consideration of the 
specification and appended claims. 

SUMMARY OF THE INVENTION 

The present invention pertains to a weighted 
microsponge, (preferably a collagen microsponge) 
for immobilizing bioactive materials in motive 
bioreactor systems, said microsponge comprising a 
porous, biostabfe. highly crosslinked collagen ma- 
trix containing an inert weighting material, said col- 
lagen matrix having an open to the surface pore 
structure with an average pore size in the range of 
from about 1 micron to about 150 microns, with the 
pores of said matrix occupying from about 70 to 
about 98% by volume of the microsponge. said 
microsponge also having an average particle size 
of from about 100 microns to about 1000 microns 
and a specific gravity of above about 1 .05 

The present invention also relates to a method 
for the continuous in vitro culture of organisms for 
the production of biochemical products comprising 
the steps of: 

(a) providing a highly crosslinked, collagen 
microsponge prepared by 

(i) milling a source of collagen selected from 
the group consisting of Types I, II and III 
collagen, 

(ii) admixing said milled collagen with an 
acidic liquid medium, 

(iii) lyophilizing said collagen-liquid medium 
mixture into a dry sponge matrix, and 

(iv) crosslinking the collagen in said sponge 
matrix by a treatment selected from the 
group consisting of: 

(1) contacting said collagen with a cros- 
slinking agent selected from the group 
consisting of carbodiimides and Afunc- 
tional succinimidyl active esters. 

(2) subjecting said dry sponge matrix to 
elevated temperatures under a vacuum, 
and 

(3) a combination thereof; 

(b) inoculating the highly crosslinked, collagen 
microsponge of step (a) with a culture of said 
organisms; 

(c) passing a nutrient medium in direct contact 
with the inoculated, highly crosslinked, collagen 
microsponge; and 

(d) recovering said biochemical products with 
the nutrient medium effluent. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a photomicrograph showing a suit- 
able collagen microsponge matrix of the present 
5 invention illustrating a fibrous structure. 

Figure 2 is a photomicrograph of another col- 
lagen microsponge matrix according to the present 
invention illustrating a leafy structure. 

to DETAILED DESCRIPTION 

The present invention is directed to a weighted 
microsponge. preferably a collagen microsponge, 
containing immobilized bioactive materials, particu- 

T5 larly organisms, suitable for use in motive bioreac- 
tor systems and to a method for the continuous in 
vitro culture of organisms for the production of 
biochemical products. As used throughout the 
specification and claims, the term "bioactive ma- 

20 terial" broadly encompasses both enzymes and 
other chemical factors such as chelating agents, 
hormones, antibodies, etc., and organisms, i.e., mi- 
croorganisms and the cells of higher organisms. As 
used throughout the specification and claims, the 

25 term "organism" broadly encompasses both mir- 
coorganisms and the cells of higher organisms. 
The organisms may be derived without limitation 
from such diverse sources as bacteria, fungi, 
viruses, algae, yeasts, animal cells (tissue), e.g., 

30 mammals, insects and fish and plant cells. The 
term "organisms" and "cell" will be used inter- 
changeably throughout the specification and 
claims. As also used throughout the specification 
and claims, the term "biochemical product" refers 

35 not only to both primary and secondary 
metabolites produced by such organisms, but also 
to the cellular material or biomass of the organism 
itself, containing, for example, non-secretory pro- 
ducts. Since the weighted microsponge of the 

40 present invention has particular advantages when 
used for culturing organisms, it generally will be 
described with reference to such embodiments, 
although it is not to be so-limited. 

The microsponge of this invention is prepared 

45 from a biocompatible (e.g.. non-toxic) polymer that 
is stable in service for an appropriate period of 
time, e.g., on the order of months. The preferred 
microsponge of this invention is formed of a highly 
crosslinked collagen. Biocompatibility refers to the 

50 ability of the polymeric (e.g. collagen matrix ma- 
terial to support a viable culture of organisms with- 
out substantially adversely affecting any desired 
characteristic of the immobilized organisms, e.g., in 
the case of hybridomas. the polymeric (e.g. col- 

55 lagen matrix material must not reduce the produc- 
tion of monoclonal antibodies. The stability or 
biostability of the matrix material refers to its ability 
to maintain its strength and integrity under in vitro 
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conditions over the relevant time period for cultur- 
ing the organism of interest. For example, in the 
case of a hybridoma culture for producing mon- 
oclonal antibodies, it is expected that the motive 
bioreactor would be operated continuously for three 
to six months or more. Thus, the matrix material 
should be biostable for this time period. 

Both natural and synthetic polymeric materials 
can be used as the matrix material. Examples of 
suitable polymers include polysaccharides such as 
dextran, dextrin, starch, cellulose, agarose, car- 
rageenan and the like; proteins such as collagen 
and the like; and synthetic polymers such as poly- 
vinyl alcohols, polyacrylates, polymethacrylates, 
polyacrylamides, polyesters, polyurethanes, 
polyamides and the like. Generally, a material's 
biocompatability and biostability can be verified 
using routine experimentation. 

Based on its biocompatibility and strength, col- 
lagen is presently the material of choice. Collagen 
is a biodegradable polymer found in animals, in- 
cluding man. It has numerous uses in the medical 
art and in most applications is reconstituted and 
crosslinked into an insoluble form using various 
crosslinking agents, such as aldehydes, e.g., 
glutaratdehyde and formaldehyde; ethylchlorofor- 
mate; dimethyl adipimidate; N,N- 
methylenebisacrylamide; 1 ,2-diacrylamide 

ethyleneglycol; cyanamide; N-N'-diallyltartar- 
diamide; cyanogen bromide; concanavalin A; 6- 
aminohexanoic acid; 1 ,6-diaminohexane; suc- 
cinimidyl active esters; carbodiimides and com- 
pounds having similar crosslinking groups and/or 
physical treatment techniques such as freeze-dry- 
ing and severe dehydration at a vacuum of about 
50 millitors or more and at a temperature ranging 
from 50 "C to 200 *C. Unfortunately, many if not all 
of the commonly used crosslinking agents, particu- 
larly glutaraldehyde, which are unavoidably present 
in the crosslinked collagen, cause adverse biologi- 
cal effects and so are cytotoxic. 

Recently, a new collagen-based matrix of im- 
proved biostability has been discovered. This col- 
lagen material is prepared without the conventional 
crosslinking agents. In this matrix. Type I. II or III 
collagen is crosslinked using a carbodiimide or a 
succinimidyl active ester and/or severe dehydration 
conditions at temperatures ranging from 50* to 
200 *C. Such crosslinked collagen typically has a 
molecular weight of from about 1 x 10 6 to in 
excess of 50 x 10*. The molecular weight of the 
collagen between adjoining crosslinks varies from 
about 1 000 to 1 00,000 via the formation of covalent 
bonds. Because of its resistance to degradation by 
collagenase and other proteinases, this crosslinked 
collagen has been found to be particularly suitable 
as the porous matrix of the microsponge. In fact, 
when used for the continuous culture of immo- 



bilized organisms, particularly hybridoma cells ex- 
pressing monoclonal antibodies, microsponges 
made from this collagen material have exhibited 
some . surprising properties. For example. 

5 hybridomas cultured with essentially protein-free 
medium are much more effective in producing 
monoclonal antibodies when immobilized on and/or 
in such collagen matrix microsponges than when 
such matrix is not present. Furthermore, micro- 

w sponges made from the noted crosslinked collagen 
material appear to preferentially retain high con- 
centrations of living (viable) cells and expel non- 
viable cells. 

The preferred crosslinked collagen can be pre- 
ys pared from both soluble collagens and insoluble 
collagens of the Types I, II and III. The soluble 
collagens are prepared by limited enzymatic diges- 
tion and/or extraction of tissue enriched in such 
collagen types. Insoluble collagens are derived 
20 from the following typical sources: Type I collagen: 
bovine, porcine, chicken and fish skin, bovine and 
chicken tendon and bovine and chicken bones in- 
cluding fetal tissues; Type II collagen: bovine ar- 
ticular cartilage, nasal septum, sternal cartilage; 
25 and Type Ml collagen: bovine and human aorta and 
skin. For example, Type I collagen from bovine 
corium may be used. It is preferred to use Type I 
tendon collagen. 

In the broad practice of the present invention. 
30 the physical form or macro-configuration of the 
crosslinked collagen microsponge is not critical. 
The microsponge can be used in various physical 
shapes including beads, flakes, discs, fibers, films, 
coatings, e.g.. on extended surface supports, and 
35 sheets. For example, the microsponge can be pro- 
vided as a coating on such well-known supports as 
pellets, stars, spiral rings, cross partition rings, 
Raschig rings, Berl saddles, Intalox saddles, pall 
rings, Tellerette rings and the like. The micro- 
40 sponge also can be provided in sheet form, in 
tubular form or in any other unsupported structure. 

In the broad practice of the process of the 
present invention, the size of the microsponge is 
not critical. For example, for packed bed or fixed 
45 bed applications (e.g.. plug flow reactors) the 
microsponge may be provided in a size typical for 
such applications. In order to be suitable for cultur- 
ing high concentrations of organisms in motive 
reactor systems and allow for the transfer of nu- 
50 trients to the immobilized organisms and the trans- 
fer of desired products from the microsponge, the 
weighted microsponge, preferably collagen, of the 
present invention must satisfy several functional 
requirements. The microsponge typically is in the 
55 shape of a bead and should have a particle size 
within the range of about 100 microns to 1000 
microns, preferably from about 200 microns to 500 
microns. At larger particle sizes the entire internal 
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volume of the porous structure is not utilized effec- 
tively for producing the desired product by reaction 
between the immobilized bioactive material and the 
liquid medium contacted therewith, thus degrading 
the volumetric productivity of the motive reactor 
employing such microsponges. Smaller particle 
sizes present practical problems in preparing the 
microsponge and in operating the motive reactor. 

Permeability of the microsponge Is another im- 
portant consideration. A microsponge's permeabil- 
ity is determined by the interrelationship of its 
porosity or void fraction and its pore structure. Void 
fraction is defined as the ratio of the volume of 
interstices of a material to the total volume oc- 
cupied by the material and often is expressed as a 
percentage. In order to permit operation at high 
organism concentrations, the microsponge should 
have a void fraction of between about 70% and 
98%. Preferably the void fraction of the collagen 
microsponge is greater than 85% and most desir- 
ably is greater than about 90%. 

The microsponge also must possess an open 
to the surface pore structure. This allows for cell 
entry, without excessive shear forces, cell retention, 
subsequent cell growth, and expulsion of excess 
cell mass. For example in cases where the desired 
product is not secreted by the organisms, e.g., 
genetically engineered E. coli with a non-expressed 
rDNA product such as Ths~uiin, the organisms must 
be able to escape the microsponge as the immo- 
bilized colony expands by division. An open pore 
structure is essential if this process is to proceed 
on a continuous basis, without rupturing the micro- 
sponge structure. The desired organism product is 
recovered as an entrained component of the cul- 
ture harvest liquor. 

The microsponge should contain pores with an 
average size within the range of about 1 micron for 
the smallest microbes and for viruses, up to about 
150 microns for large mammalian and plant cells. 
Generally, the pores of the microsponge must be 
at least as large as the smallest major dimension of 
the immobilized bioactive material but less than 
about 5 times the largest major dimension. Prefer- 
ably, the pore size of the matrix is on the order of 
1.5 to 3 times the average diameter of the or- 
ganism or cell. If unknown, the smallest and largest 
major dimensions of an organism can be deter- 
mined using known techniques. Applicants have 
found that the recited combination of particle sizes 
and pore sizes insure adequate mass transfer of 
constituents such as nutrients to the immobilized 
organisms, as well as adequate mass transfer of 
constituents, such as desired metabolites from the 
immobilized organisms. 

For use in motive reactor systems, the micro- 
sponge (e.g. collagen) also must be weighted. The 
polymeric materials (e.g. crosslinked collagen) 



used as the matrix material in the present invention 
generally have a specific gravity of about 1.0 or 
less. For proper operation in a motive reactor, a 
specific gravity of above about 1.05, preferably 

5 above about 1.3 and most preferably between 
about 1.6 and 2.0 is desired, ft has been found 
surprisingly that it is possible to obtain collagen 
microsponges of the proper specific gravity by 
introducing certain weighting additives into the 

w microsponge without undesirably reducing its void 
fraction. The weighting additive must be substan- 
tially inert in the reactor environment and non-toxic 
to the immobilized organism, or must be suitably 
treated to render the additive non-toxic. Also, the 

is weighting additive should not adversely affect the 
productivity of the immobilized organism. Gener- 
ally, materials, such as metals and their alloys and 
oxides, and ceramics, having a specific gravity 
above about 4 and preferably above about 7 are 

20 used. Examples of suitable weighting additives for 
use in the broad practice of this invention are 
chromium, tungsten, molybdenum, cobalt, nickel, 
titanium and their alloys, e.g., Monel, 316 stainless, 
Vltalium (a cobalt alloy with chromium and molyb- 

25 denum), titanium 6AI-4V (a titanium alloy with alu- 
minum and vanadium) and Haynes Stellite Alloy 25 
(a cobalt alloy with chromium nickel, tungsten and 
manganese). Many of these materials, however, 
may not be compatible with certain organisms and 

30 routine experimentation will be necessary to assess 
toxicity for any application. For example, titanium is 
the weighting material of choice with hybridomas, 
since most other metals are cytotoxic. 

The weighting additive can be introduced into 

35 and dispersed throughout the microsponge as a 
finely divided powder, with most particles having a 
size on the order of 1 0 to 40 microns. However, to 
minimize the surface area of the weighting additive, 
it is desirable to employ it as a solid core in the 

40 microsponge. Sufficient weighting material is added 
to yield a microsponge with the desired specific 
gravity. For example, about a 50 micron diameter 
core of a weighting additive having a specific grav- 
ity of about 7.0 coated with a 50 micron thick layer 

45 of collagen having an average pore size of 20 to 40 
microns and a void fraction of about 99% yields a 
microsponge with a specific gravity of about 1.7 
having an overall void fraction of about 85%. Such 
a microsponge is particularly suitable for use in an 

so aerobic motive reactor systems. 

Finally, for motive applications the collagen 
microsponge should exhibit the proper resistance 
to attrition. A charge of microsponges preferably 
should have a useful life on the order of three to 

55 six months or more. Typically, the microsponges 
should exhibit not greater than about a 10% loss in 
volume after three months of operation. 
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